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Quantum-kinetic study of femtosecond pump-and-probe spectra of bulk GaAs
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We present quantum-kinetic calculations for pump-and-probe signals of bulk semiconductors based on the
second Born approximation for electron—LO-phonon interaction. The relaxation process of laser-excited
electron-hole pairs is studied along the whole frequency domain including the exciton resonance. This allows
a description of carrier cooling due to LO phonons at arbitrary long time delays, from initial hole burning at the
pump frequency until exciton bleaching after accumulation near the band extrema. At low temperature, a
bottleneck effect is predicted for small pump intensities. At room temperature, signatures of upward scattering
become visible. The numerical results for GaAs are in good qualitative agreement with recent measurements
[A. Leitenstorferet al, Phys. Rev. Lett76, 1545(1996); C. Fust et al, Phys. Rev. Lett78, 3733(1997].

[. INTRODUCTION tion of the electron-lattice interaction needs to go beyond the

After the discovery of the optical Stark effect in gallium Hartree-Fock theory. While a semiclassical Boltzmann equa-
arsenide in 1988 many light-induced coherent phenomenation may be sufficient for modeling the long-time evolution
formerly known only from atomic and molecular physics of the coupled system of electrons and LO phonons, only a
have also been found in semiconductors. Important examplesuantum-kinetic theory correctly incorporates memory ef-
are the observation of photon echoes, free-induction decayects that are essential to describe experiments on a sub-
guantum beats, and, during the last two years, excitonid00-fs time scale.
hyper-Raman gaif, self-induced transparendyand Rabi A number of approximation schemes for the quantum-
oscillations? kinetic treatment of the electron—LO-phonon interaction has

Due to short dephasing times in semiconductors, this debeen proposed in the literature. Many of them are related to
velopment goes along with enormous progress in ultrafasthe so-called second Born approximation, which can be de-
experimental techniques. Femtosecond-laser spectroscopiyed using either phonon-assisted density mattfcEsor
has become so elaborated that even time-resolved studies mdnequilibrium Green function'$:*> Sometimes, the scatter-
the interaction between laser-induced electron-hole pairs aneg term is simplified by using a damped free-particle ap-
lattice vibrations are now feasibte! This follows similar  proximation for the Green function, thus neglecting optical
achievements in molecular physics, where observation anband-mixing and excitonic renormalization effets!® Re-
coherent control of molecule vibrations by short laser pulsegently, numerical studies beyond the second Born approxi-
has opened the intriguing prospect of light-controlled chemi-mation including so-called vertex corrections have been
cal reactions. published®2°

In GaAs, the relevant time scale for studying the electron- Early numerical investigations focused on the calculation
lattice interaction is given by the LO-phonon perioll,o  of the electron distribution function during and after pulse
=115 fs. For shorter time intervals, energy transfer betweeexcitation. Non-Markovian features in the relaxation process
electrons and lattice via emission or absorption of LOdue to phonon emission were found in the second Born
phonons cannot be described in terms of completed colliapproximation'? but also for a simplified scattering terfhil’
sions because of the quantum-mechanical time-energy unceRecently, the influence of vertex corrections was investi-
tainty principle. The coherent control of those scatteringgated, but the results were obtained in a one-dimensional
events was recently achieved by Weheel.” in a three- tight-binding model, where both the electron-electron inter-
pulse four-wave-mixing (FWM) geometry, using 15-fs action and the electron-phonon interaction were treated as
pulses. Quantum-kinetic effects were also detected in recemcal 2°
pump-and-probe experiments by Leitenstortsral® and Much work has been devoted to the calculation of the
Firstet al.® who resolved the step-by-step relaxation of con-linear absorption in bulk samples. The existence of an Ur-
duction electrons after pumping high above the fundamentabach tail at room temperature was demonstrated in Ref. 17,
gap. Violation of energy conservation for each electron—LO-and a polaron redshift of the exciton resonance was obtained
phonon scattering event is clearly seen in the early time rein the second Born approximatidfh?! Vertex corrections
gime. For delay times larger thadh o the phonon replicas in  and exciton—LO-phonon resonantesave been found to be
the spectra narrow to the width of the initial pump-inducedless important in bulk Gallium Arsenide because of the small
signal, thus fulfilling the classical energy conservation lawpolaron constant.
only in the long-time limit. Quantum beats with nearly LO-phonon frequeficgnd

As long as biexcitonic effects are negligifiehe coherent the coherent control of their amplitudésjemonstrated in
effects cited in the first paragraph can be explained reaso=WM experiments, can in principle be explained in terms of
ably well on the basis of the semiconductor Bloch equations two-level system coupled to phonoffs.Good agreement
(cf. Refs. 9—11, and 4, respectivelWNaturally, any descrip- with experiment was obtained for simulations based on the
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second Born approximation, both for the beat frequéhty ent approximation schemes and a large variety of pump pa-

and the coherent-control scenatio. rameters. A summary is given in Sec. IV.

A particular challenge is the numerical calculation of
pump-and-probe spectra. In Ref. 6, the distribution functions Il. BASIC EQUATIONS AND NUMERICAL
are first calculated in a one-dimensional band structure and IMPLEMENTATION

then converted into differential transmission spe¢®d S) ) ) ) )
by solving the semiconductor Bloch equations. In Ref. 18, The density matrix of a photoexcited two-band semicon-
the second Born approximation with a simplified scatteringductor is defined as the expectation value of a product of
term was applied. Reasonable agreement with experiment§/€Ctron creation and annihilation operators,

DTS signals was achieved, in the case of excitation high . ~ R

above the fundamental band gap. So far, no calculations of (M) 2= {(Ni) ap) (nk)aﬂ:azkaakl N
pump-and-probe signals in the second Born approximation oo

with the correct scattering term have been presented, but'4¥here«,f=c,v are the band indices, aridare the Bloch
consistent treatment of Coulomb interaction both in coheren{/@ve vectors. The diagonal elements of the density matrix
and scattering terms will be essential for an improved de_(l) r_epresent the electron distribution functions in the con-
scription of relaxation processes. Coulomb-enhancement efluction and valence bands, whereas the nondiagonal ele-
fects in the scattering term are known to accelerate th&€nts are related to thienacroscopik polarization,

relaxation'? This is also likely to change the time evolution
of pump-and-probe signals, both in the excitonic region and
in the region around the phonon-related signals.

Up to now, the theoretical description of pump-and-probe
experiments, including electron-phonon interaction, has conwhereu and() are the dipole matrix element of the optical
centrated on the spectral region above the band gap, whetensition and the normalization volume, respectively.
the early stages of relaxation can be monitored for short-time The equation of motion for the density mat(i¥) is gov-
delays. However, with increasing time, electrons and holegrned by the Hamiltoniafi via the von Neumann equation
accumulate at the band extrema. This results in strong exci-
ton bleaching, as seen in the experimeitherefore, a de- 9 R .
scrip.tion of the cpmplete relaxation process due to phoqons ihﬁ(nk)aﬁz([(nk)aﬁ,H]). (2
requires calculations that are accurate at all spectral regions.

From the numerical point of view, this entails a dense gri

and a large domain in energy space, in order to accoun he initial condition att=-—c is given by 61")(“0/;
9 gy space, =diag (0,1), which means that the valence band is com-

equally for bound and continuum states. Since the signal ha X . )
to be computed up to very long times, a fast numerical algopﬁetely filled and the conduction band is empty before the

fithm is essential. arrival of the pump pulse. We consider a Hamiltonian of the
This paper aims to present a consistent description of e)J_orm
citation and subsequent relaxation of laser-induced nonequi- A . .
librium electron-hole pairs, on the basis of the second Born H=Hue+Hpn+Helph, (3
approximation, where Coulomb interaction is incorporated ~
both in the coherenand in the scattering term. This ap- where Hye contains the Hamiltonian of the electrons, the
proach allows us to treat arbitrary excitation conditions, fromelectron-light interaction, and the Hartree-Fock contribution
pumping below the exciton resonance up to excitation higlof the electron-electron interactiod,, is the Hamiltonian of
in the conduction band. The influence of the pump paramye | O phonons, andl,,;, represents the Entich interac-
eters and temperature will be discussed for the electron rg;on petween electrons [:emd LO phonons. Coulomb effects
laxation and pump-and-probe spectra. Tdwnpleterelax-  peyond the mean-field approximation are neglected. Re-
ation process of the initially hot electrons is studied until thecently, the effect of Coulomb correlatidhsand vertex
electrons reach the bottom of the conduction band. Weqrection& were studied for low-dimensional model sys-
present calculations for pump-and-probe spectra of bulfams. For bulk materials, the resulting equations of motion
GaAs, where the signatures of this cooling process can bgc|yding these contributions do not possess spherical sym-
directly monitored along the whole spectral region. Themetry, which would result in a drastic increase of the nu-
analysis is based upon a stable, very efficient, and highlyerical effort. In order to study bulk GaAs, it is essential to
accurate numerical algorithm. We show that consequencgtain the spherical symmetry in the equations. This can be
due to the exact versus simplified treatment of scattering argehieved if the Coulomb interaction is treated in the Hartree-
generally small, but not negligible for experiments with pock approximation from the very beginning, which will re-
small time delays. In the zero temperature case, the validity i+ in the so-called second Born approximation.
limits of the semiconductor Bloch equations without Introducing LO-phonon annihilatiofcreation operators

electron-phonon coupling will also be investigated. b{" with wave vectorgy, the three parts of the Hamiltonian
The paper is organized as follows. In Sec. I, we introduce’ 4

the basic equations of the coupled electron-phonon systen@ read, explicitly,

and give a brief outline of the numerical implementation. In

S_ec. _III, we present and discuss results for both elgctron dis- A= 2 (Hk)aBéZkéﬁkv (4)
tribution functions and pump-and-probe spectra, using differ- apk
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+(1-ng)n(L+N)—n(1—n)N. (12

This set of differential equations is usually referred to as the
second Born approximation. It was first successfully applied
by Schilpet al!? to the calculation of the electron relaxation
after pumping high above the band gap, and later to the
calculation of FWM signald>~° These equations can also
be derived within the framework of nonequilibrium Green
functions if the generalized Kadanoff-Baym ansatz is
exploited?>16

The representation used in Eq40)—(12) allows an in-
tuitive physical interpretation. The coherent part of EL)
is given by the usual semiconductor Bloch equatibms,
optical Bloch equations if the Coulomb term #h, is ne-
glected. It is supplemented by the relaxation tethi),
which allows for the electron-phonon interaction via the
phonon-assisted density matrix. The source term of(E2).
can be related téspontaneous and indugedownward scat-
tering and(induced upward scattering. The corresponding

dielectric constant and the elementary charge, respectivelproducts of occupation numbers are familiar from semiclas-
The screening of the Coulomb interaction due to interban@lcal_scatterlng theory, except that they are now _replaced by
transitions beyond the two-band model is accounted for by aatrices. The homogeneous part of Efj2) describes the

staticelectronicdielectric constant,,. Dynamical screening
effects due to excited electron-hole pairs are neglected, th
topic is currently subject of intense reseafétlhe lattice
part of the screening is explicitly taken into account via the
electron—LO-phonon couplingy), wheree is the static di-
electric constant of electronand lattice. The LO-phonon
branch in the vicinity of thd” point is assumed to be flat,
resulting in a constant LO-phonon frequensy .

Inserting Eqs(4)—(7) into the von Neumann equatid8),
the density matrix becomes coupled to phonon-assisted de
sity matrices of arbitrary order, resulting in an infinite hier-
archy of differential equations. The truncation of this set of
equations can be carried out either dynamics-controlled
correlation-controlled® In the latter approach a closed set of
equations can be obtained for the density mamiy {; [Eq.
()], the (onejphonon-assisted density matrix

®)

1 ., . ~
(Rir) ap=——{ % Ak D),
Ok—k’

and the phonon occupation numbeér If the lattice is as-
sumed to be at thermal equilibrium, i.e.,

1

N= alholo/kgT) _ 1

©)

(T is the temperature anki the Boltzmann constantthe
equations of motion fon, andRy,, can be written as

(10

energy transfer related to those scattering events.

is The scattering term is complicated due to the self-
consistent inclusion of excitation effects and Coulomb inter-
action of excited electron-hole pairs. Therefore, sometimes
approximations are introduced. The right-hand side of Eq.
(12) can be considerably simplified by replacing the energy
matrix (Hy) .z with the free-particle dispersiorts, (k) 3,4,
resulting in

J
M = (Ru) s = [Ea(K') ~ Eg(K) + 01 0] (R g

+[(1=ne )N (1+N) =i (L—ny)N] 5.
(13

In the formalism of Green functions, this amounts to substi-
tuting the exact retarded Green function in the scattering in-
tegrals by the free-particle propagator, as was done, e.g., in
Refs. 16—18. We call this approach as second Born approxi-
mation with simplified scattering term. In this case, no opti-
cal band-mixing effects and excitonic renormalizations are
taken into account in the relaxation term, but those effects
will not only renormalize but also accelerate the scattering
process. After performing the integration of Ed.3), the
scattering integral can be further simplified by taking the
source term out of the scattering integral. This is called the
completed collisions limit, since the history of the scatterings
events is no longer taken into account. The remaining inte-
gration results in & function, giving rise to strict energy
conservation in each electron-LO-phonon collision. If finally
all off-diagonal quantities in the source term are neglected,
the semiclassical Boltzmann equation is recovered.

In Sec. Ill, we solve the equations of motigh0)—(12)
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completely. The electron distribution function is studied totest beam, i.e,E(t)=Ey(t)exp(—iwpt)+CE(t)exp(—imt).
extract information about the relaxation process after pumpThe test beam absorption(w) is then proportional to
ing with a laser pulse of the fornEy(t)exp(—iwt). The  Im[P,(w)/E,(w)], where the contributiof, to the total po-
related pump-and-probe spectra are calculated by addinglarizationP is obtained by the complex derivative

bt P i P(t,+|c|])—P(t,—|c|)—i[P(t,+i|c|]) = P(t,—i|c|)]
( )= Jc c:o_lc:TO 4|C| .

(The signal in FWM direction would correspond to the com-signal takes about 20 h on a PC with a 450-MHz Pentium I
plex derivative with respect to*, and could be obtained by processor, and the memory required is typically about

changing just one sign in the numerical routjne. 50-MB RAM.
Damping of the phonon-assisted density matrix in Eq.
(12) is an important issue. Sometimes, it is argued that a I1I. NUMERICAL RESULTS AND DISCUSSION

self-consistent damping has to be introduced in order to en-
sure numerical stability>?’ However, by comparison of
self-consistent and constant damping, we find that the results We start with the numerical solution of the equations of
are rather insensitive to the details of the damping. motion in the case of excitation high above the energy gap.
At room temperature, the LO-phonon bath gives rise to a’he pump pulse parameters are chosen tofibg—Eg
finite linewidth of the exciton. In contrast, at zero tempera-=112.8 meV, | ~2 MW/cn?, and the pulse length is 320
ture, a dephasing of the microscopic polarizatiop)¢, has  fs. The center of the pump pulse is takertat0. In Fig. 1,
to be introduced in order to obtain a finite homogeneoughe time evolution of the electron distribution in the conduc-
broadening. Therefore, in order to minimize the number oftion band is shown for times= —70, 0, 70, 140, 350, and
parameters, all calculations were performed including al400 fs(from top to bottom and Fig. 2 displays pump-and-
dephasing constagtin Eq. (11) and the same damping con- Probe spectra for the same set of parameters. In order to
stante in Eq. (12. understand the effects of the different interactions and their
For the explicit calculations we used GaAs parameterémerplay’ we present rgsults for fo'ur different apprommaﬂpn
E,=1520 eV, m,=0.067n,, my,=0.442m,, schemes. We start with calculations based on the optical
:go 94 meV Ao =§6 meV s.=11.1. ands.=13.1. The Bloch equations for an ensemble of two-level systems, where
resﬁlting exc,:itonLct))inding ene,rgo;/ is 1.R,yt4 7 ?nev .Fbrthe both the Coulomb and the electrpn—phonon interaction are
. ' - neglected(a). Then, we add the different interactions step-
pump-and-probe signals, both pulses are co-circularly polar -step and present results obtained using the semiconductor

; . by
ized and assumed to be Gaussian. Pulse lengths are referrlgg)ch equations(b), the second Born approximation with
simplified scattering ternic), and the second Born approxi-

to the full width at half maximun{FWHM). The test pulse
parameters are fixed at a length of 15 fs and a laser i”te”SiWuation(d).

of 1~2 Wien? (4E; may=2x10"* Ry*). The pump detun- In Fig. 1(a), the results obtained within the optical Bloch
ing fiw,—E, is varied between-28.2 meV (-6 Ry*) and  equations allow us to study the sole influence of the pump
+112.8 meV (24 Ry), with a maximum intensity o,  process. The pump pulse induces an electron distribution
=55 MW/cn? (LE, max=1 RY*) and the pulse lengths are peaked at 98.0-meV excess energy that reaches its final am-
between 20 and 320 fs. plitude at about =300 fs. Analogously, a hole distribution

In order to numerically solve the equations of motionin the valence band is created at 14.8 m@\t shown.
(10—(12), we exploit the spherical symmetry and the waveTherefore, the average energy of the laser-induced electron-
numberk= k| is discretized on a mesh of 500 points with a hole pairs is equal to the central pump frequengy and is
maximum electron-hole pair energy of 1160 meV. The dis-split up between electrons and holes according to the mass
cretization in time is performed by the leapfrog method. Aratio m,,/m.=6.6.
time step of 0.44 fs guarantees the stability of the algorithm. In Fig. 2(a), the corresponding pump-and-probe spectra
The time interval runs from-3.5 to +3.5 ps. By the sam- show the buildup of a spectral hole centerediat,. This
pling theorem, this is equivalent to a spectral resolution ofeffect is well known from stationary theofybut there are
0.6 meV, in the Fourier-transformed spectra. The accuracy adome differences due to the finite pump-pulse length. Both
the algorithm was checked by testing the convergence witithe width and depth of the spectral hole are strongly influ-
respect to the number &fpoints, the mesh size, and the time enced by the spectral width of the pulse. Only for longer and
step. In the phonon-free case, the analytical result for thetronger pulses, spectral holes with near-zero absorption and
linear absorptioff is reproduced for energies up to 140 meV the stationary width of AE, . are obtained. A redshift of
(30 Ry*) above the band gap, thus taking equally into ac-the absorption edge, as expected from the stationary®case,
count bound and continuum states. In order to save computannot be seen by eye, it amounts to less than 0.1 meV.
ing time, a vectorized version of the numerical algorithm In Figs. 1b) and Zb), we extend the model to the semi-
was implemented. The calculation of one pump-and-probeonductor Bloch equations, thus taking into account the

A. Excitation high above the band gap
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optical Bloch equations semiconductor Bloch equations 2" Born (simplified) 2™ Born
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FIG. 1. Electron distributionriy).(t) for t=—70, 0, 70, 140, 350, and 1400 f&om top to bottom. The pump parameters afigv,
—Ey=112.8 meV and,~2 MW/cn?, and the FWHM is 320 fs. From left to righta) theory without Coulomb interactiortb) Hartree-
Fock theory,(c) second Born approximation with simplified scattering term, @fdsecond Born approximation.

Hartree-Fock terms of the Coulomb interaction between cartemperature of the LO-phonon bath is taken to be zero. Pho-
riers. Because of band renormalization the optical transitiomon replicas already start to appear during the pump process.
is now given by H)c(t) —(Hy),,(t) =% w,. Thisresultsin  The buildup of these replicas starts from an initially broad
the buildup of electron-hole pairs with slightly highanetic ~ signal that narrows with increasing time. This reflects the
energies, as demonstrated in Figb)l where the electron time-energy uncertainty principle inherent to quantum me-
distribution is plotted as a function of energy with respect tochanics. At the early stages of each scattering event, transi-
the unrenormalized bands. The peak positions of electrorgons to all energies are allowed. Only for longer times does
(holes shift to 99.5 meV(15.1 meVj att=0 and 100.3 meV energy conservation have to be fulfilled. &t 350 fs, the
(15.2 meV at t=1400 fs. This effect is even more pro- first phonon replica has reached its maximum value which is
nounced for stronger laser fields. The number of electrontocated 36.9 meV below the initial peak. &t 1400 fs, the
hole pairs generated by the pulse is almost exactly doublegsecond phonon replica peaks 37.1 meV below the first one.
compared to the interaction-free case, in agreement witt such long time scales, the energy transfer between the
similar results given in Ref. 29. electron system and the lattice can be looked upon in terms
In the pump-and-probe spectra of FigbR the effects of of completed collisions, where phonons with well-defined
Coulomb interaction are even more dramatic. Besides anergies are generated in the sample. In fact, the differences
slight bleaching and redshift{0.9 meV) of the & exciton  between the peak maxima almost perfectly fulfill the energy
line, the spectral region around the pump frequency does naonservatiorE (k) — E (k') =% w o for intraband scattering,
show the line shape of a simple spectral hole. The highaccording to Eq(13). Nevertheless, energetical redistribu-
energy side of the spectral hole is accompanied by an exction is not yet completed. In fact, the classically expected
tonic enhancement, similar to the Fermi-edge singularityspacing between the initial peak and the first phonon satellite
The amplitude of this edge strongly increases if the occupais not reached untit=2100 fs (not shown, whereas the
tion numbers of electrons and holes approach the maximurspacing to the second phonon satellite still remains larger
value of 1, which may occur especially for excitation atthanzw,o. The peak positions da&=2100fs are 98.7, 62.8,
lower frequencies. and 25.9 meV, with amplitudes of 0.0003, 0.0045, and 0.375,
In Fig. 1(c), relaxation processes due to electron—LO-respectively.
phonon scattering are included via the second Born approxi- Figure Zc) shows pump-and-probe spectra within the sec-
mation with simplified scattering, according to E@3). The  ond Born approximation with a simplified scattering term.
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optical Bloch equations semiconductor Bloch equations 2™ Born (simplified) 2" Born
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FIG. 2. Pump-and-probe specidw) for At=—70, 0, 70, 140, 350, and 1400 fom top to bottom and the same pump parameters
as in Fig. 1. Dashed lines: without pump pulse, solid lines: with pump pulse. From left to (@yktieory without Coulomb interactiotb)
Hartree-Fock theory(c) second Born approximation with simplified scattering term, af)dsecond Born approximation.

Within the same approximation, DTS signals were calculated It is worthwhile to note that the DTS signal at the first
recently by Schmenkeet al,'® but their analysis was re- phonon replica vanishes faster than the signal ardumg,
stricted to a spectral region above the band gap=1.56 in agreement with the experimehfThis effect cannot be
eV. Here we present pump-and-probe spectra for all energiamderstood from the time evolution of the distribution func-
including the excitonic region, which becomes especially im-tion, where the initial peak vanishes first. This proves that
portant for large time delays. after such long-time delays between pump and test pulses the
At negative time delays, a Fermi edge around the pumpystem “remembers” the history of its excitation exclusively
frequency appears similar to the case without phonons iwia the polarization that was generated in the sample by the
Fig. 2(b). However, the exciton line is already both more pump pulse. In fact, if the squared polarization components
strongly bleached and more strongly redshifte®.0 meV).  |(ny),,(t)|? at t=1400 fs are plotted vs the electron-hole
For later times, Fig. (£) suggests the buildup of phonon pair energy, the contribution at the pump position is still
replicas below the initial Fermi edge. Ait=70 fs, all en-  three orders of magnitude larger than that at the first phonon
ergies below the initial signal show a noticeable reduction ofeplica (not shown.
absorption, which reflects the time-energy uncertainty prin- Another feature which was also seen in recent
ciple. FromAt~ 140 fs on, a narrow dip appears around 60measurementss found in the spectral region of the exciton.
meV above the gap. It reaches its maximum depth at abouthe whole relaxation process is accompanied by a gradual
350 fs, in accordance with Fig(d). Interestingly, this signal bleaching of the 1s exciton resonance. This results from an
from the first phonon replica in the distribution function accumulation of the electrorfholes in the conduction-band
looks more like a spectral hole than a Fermi edge, and at nminimum (valence-band maximumwith increasing time.
time delay is an induced absorption at its high-energy siddhe bleaching is not complete since the relaxation runs into
observed. This can be attributed to the overlap with the lowan LO-phonon bottleneck which will be discussed in more
energy tail of the initial Fermi edge. The same scenario redetail in Sec. Il C.
peats itself for the second phonon replica. But here, the Finally, in Figs. 1d) and Zd), we present results for the
Fermi-edge character of the signal is clearly visibleAdt second Born approximation, i.e., results of a complete nu-
=1400 fs, which is due to the smaller overlap with the initial merical solution of Eqs(10)—(12). The comparison of Figs.
Fermi edge and the fact that the carriers cannot relax furthed.(c) and Zc) with Figs. 1d) and 2d) indicates that the over-
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all relaxation process in both models is very similar. There+ion of the total energies which are much closer to each other

fore, we mainly concentrate on the differences. in both models. This also explains why the overall differ-
The most significant influence of the renormalized scatences between both models are relatively small.

tering term is a faster buildup of the phonon replicas. Viola-

tion of classical energy conservation occurs only for much B. Excitation at or below the band gap

shorter time intervals. In Fig.(d), the first phonon replica As long as the pump frequency is tuned high above the
has already narrowed &t0, compared to the rather broad pang gap, we observe strong modifications in the time evo-
signal in Fig. 1c). This is also observed for the second pho-|ytion of both the distribution functions and the spectra due
non replica at=350 fs. Therefore, effects due to incomplete {4 glectron-phonon coupling. Because of the fast emission of
collisions are overemphasized in the simplified treatment. In o phonons, the validity of the semiconductor Bloch equa-
the exact second Born approximation, the partial compensgjons breaks down even before the pump pulse has reached
tion of Coulomb terms in Eqs11) and(12) results inamore s maximum amplitude. Ifi w, is situated below the thresh-

semiclassical behavior. . - old for LO-phonon emission, relaxation effects are still im-
Another important difference is that the position of the portant, but mainly in the long-time limit. In pump-and-
replicas vary much stronger with time. The difference be-yrophe signals these effects show up as a gradual reduction of
tween the initial peak and the first replica decreases gradype initial Fermi edge combined with a pronounced bleach-
the same manner for the next replica. This spacing is consid- " the pump frequency is equal to or lower than the fun-
erably larger than the LO-phonon ener@iy o=36 meV,  gamental gap, the situation changes qualitatively. In this
and clearly shows the influence of the full scattering termcase, inclusion of electron—LO-phonon interaction does not
[Eq. (12)]. Band renormalization can account for about 2¢hange the results obtained within the semiconductor Bloch
meV of the differencdcf. the discussion of Fig.(b)]; the  equations. The distribution functions are almost identical in
rest is due to band-mixing effects in the scattering term. Fopqth approximations. Only for very long timet1400 f9
later times, when most electrons are close to the band minj, \we find a marginal influence of the LO phonons at van-
mum, those effects are of minor importance.tAt2100 fs,  ishing kinetic energies. This also holds true for the pump-
the interaction-free spacings between all three peaks are egnd-probe spectra.
tabhshed,_ with peak positions at 98.5, 62.5, and 26.4 meV, Forfiw,—E4,=0 andAt=0, the oscillator strength of the
and amplitudes of 0.0003, 0.0056, and 0.405. Again, the inFermi edge strongly exceeds that of the exciton line in the

clusion of Coulomb effects in the scattering term leads tQinear absorption. We expect this effect to be somewhat re-
faster redistribution toward the classical positions. duced when dynamical screening is additionally taken into
We mention that both the faster narrowing and the stronyccount, because this is exactly the spectral region, where the
ger time dependence of the phonon replicas in the exaddrongest influence of screening effects can be expected. The
treatment were already ogserved in a pioneering work byjominant influence of Coulomb effects under excitation at
Schilp et al. five years agd” But at that time, the question the gap is already evident from strong redistributions due to
about its experimental observability could not be answeredye Hartree-Fock terms. An initial shift of the peak maxi-
In Fig. 2(d), we present the first calculations, to our knowl- mym to higher kinetic energies occurs, similarly to the case
edge, for pump-and-probe signals which take these effecigt high-energy excitation in Fig. (). However, a subse-
into account. We find two significant changes compared tQuuent redistribution to lower energies shows that even after
the simplified treatment of the scattering term in Fi¢c)2  the pump pulse has disappeared Coulomb interaction is still

which coul_d _also be of ex_perimental _re_levance. A Pro-effective, especially if the system is inverted, i.en ).
nounced dip in the spectra is already visibleMt=70 fs, -5

while at the same time the exciton is less bleached. This
clearly reflects a more classical character of the relaxation
dynamics in the exact treatment, compared to the simplified
second Born approximation. This effect is especially impor- In order to study the influence of the pump intensity, in
tant for comparison with DTS experiments at short time deFig. 3 we compare results for in-band excitation with two
lays. Recently, the buildup of phonon-related signals waglifferent intensities, namely, fdr,~2 MW/cn? (a) andl
experimentally seen at delay times of less than 100bist  ~20 MW/cn? (b). The pulse length is fixed at 320 fs, and
could not be resolved in calculations based on the simplifiethe pump frequency i8 w,— E;=56.4 meV. The results do
second Born approximatioff. not change qualitatively for higher pump frequencies.
Another manifestation of the faster completion of colli- In Fig. 3(@), we observe the typical relaxation scenario in
sions in the exact calculations can be seen through a bettére low-intensity case with,<2 MW/cn?. The time evolu-
resolution of the Fermi-edge character of the phonon satekion of the electron distribution shows all the features dis-
lites. Interestingly, this effect is still noticeable at large time cussed in the context of Fig. 1, except for the fact that now
delays (At=1400 f9. In contrast, the positions of the only one LO-phonon emission is energetically allowed. Here
phonon-related signals do not vary significantly stronger thamve focus on the final state, which is reached after about 1400
in the simplified calculations. This may be explained infs, even though some minor redistribution is still present at
terms of Coulomb compensation: while the distribution func-later times. It is clearly seen that relaxation due to LO
tions in Figs. 1c) and Xd) are plotted versus the kinetic phonons remains incomplete. This is due to the fixed energy
energies, the test beam measures the carrier distrib(dion transfer ofh w =36 meV between electrons and the lattice,
strictly speaking, the corresponding polarizajias a func-  which is required for completed collisions. As a conse-

C. Influence of pump intensity
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gl | At=1400fs ] 3l | At=14001s ] FIG. 4. Electron distributionr{,)..(t) for the same parameters
g 5 I ;ll ] 5 L ;': as in Fig. 3, calculated using the semiconductor Bloch equations.
1 L W” 1L N
0 a - : 0 s s The picture changes completely if the pump intensity is
1.48 1.52 1.56 1.60 1.48 152 1.56 1.60 increased. This follow from Fig.(8), wherel , is chosen to
photon energy (eV) photon energy (eV) be ten times as high as in Figas. In this case, we observe

FIG. 3. Electron distributionr)(t) for t=—70, 0, 70, 140, &N almost complete thermalization of the conduction elec-
. . cc 1] ) ] ’

350, and 1400 fs, and pump-and-probe speei@) at At=1400 fs trpng at.t:l400 f,S' Finally, attzSSQO fs (not ShOWI), the_
(from top to bottor, in the second Born approximation for differ- distribution function has evolved into a steplike function,

ent pump intensities,~2 MW/cr? (a) and | ,~20 MW/cn? (b). i.e., it can be described by a Fermi distribution at zero tem-
The other excitation parameter fsw,—E,=56.4 meV, and the Perature. In the pump-and-probe signal, this resultsdara-
FWHM is 320 fs. plete bleaching of the exciton and continuum states up to

about 8 meV above the gap. If the intensity is enhanced
quence, conduction electrons that have assembled at abdutther (I ,~55 MW/cn?, not shown, continuum states with
16.5-meV excess energy cannot emit another LO phonoreven higher energidsip to about 15 meYare also bleached
Hence the relaxation process runs into a bottleneck, wher® zero absorption.
the carriers are still not thermalized, either with the lattice or The question arises of why the relaxation due to LO
within the conduction band. phonons becomes more thermalized jfis increased. The

Experimentally, the bottleneck effect may be observed atnswer follows directly from a comparison of the corre-

very low pump intensities. In this case, the carrier density isponding Hartree-Fock calculations in Fig. 4, where the cou-
so small that Coulomb scattering between electrons is inefpling to phonons is neglected. Since the pulse length and the
ficient compared to LO-phonon processes. Scattering witleentral pump frequency are fixed, the spectral regions of the
acoustic phonons is likely to broaden the distribution func-initially created electrons are equal for both intensities. How-
tion somewhat, but will be effective only on a much longerever, while in the low-intensity case Coulomb interaction
time scale, typically on the order of a few nanoseconds. Wéeads only to small redistribution, it is much more effective
have also performed approximate calculations includingat higher intensities. The larger number of electrons leads to
electron—LA-phonon scattering, and found no significanta considerably stronger redistribution in the mean-field ap-
changes on a time scale of a few picoseconds. Therefore, weroximation. This results in a broadening of the carrier dis-
expect that in this intensity regime neither Coulomb nortribution, which is a combined effect of Coulomb interaction
acoustic-phonon scattering will cancel the bottleneck effectand phase-space filling. Compared to the low-intensity case,
This opens the possibility of creating almost arbitrary non-both low- and high-energy tails of the induced electron popu-
equilibrium distributions near the band minima, up to verylation are more extended. This enables electron—LO-phonon
long times. In a pump-and-probe experiment, the bottleneckollisions into larger energy regions and thus removes the
will manifest itself as a distinafphonon-relatedFermi edge  bottleneck effect. If Coulomb interactions beyond Hartree-
combined with arincompletebleaching of the exciton, even Fock interactions, which are obviously important for a more
for large time delays as demonstrated Adr=1400 fs in Fig.  realistic description of the high-intensity case, are taken into
3(a). account, these effects would be even more pronounced, but it
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is interesting to see that electron—LO-phonon scattefiimg (a) 2" Born (b) Hartree-Fock
combination with Hartree-Fock termean suffice for a com- 010 —— —————r 0.10 —————
plete thermalization of conduction electrons with the lattice, 008 | +=0,7,.... 701fs 4 008 | 0,7, ..., 708 ]
despite the fixed energy transfer given bw, 5. On the 0.06 | 1 008}

umber

other hand, for high densities hot-phonon effects may lead tc
a reduction and slowing down of the carrier cooling
process? and should therefore also be included in more re-
alistic studies.

0.04 1 oo0al ]
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0.3 03
D. Influence of pump pulse length 02 02 ¢
So far, we considered a pulse length of 320 fs related to 2; , , 2; L : ,
regime where one can observe the most pronounced signe 0 20 40 60 80 100120 140 0 20 40 60 80 100120 140
tures of electron—LO-phonon coupling. This is due to the electron energy (meV) electron energy (meV)
fact that the spectral width of such pump pulses is smaller 4 - , . 4 , , .

than the LO-phonon frequency, which improves the spectral
resolution of the LO-phonon-related phenomena.

For pulse durations comparable to the LO-phonon period
To=27mw =115 fs (not shown, the initial pump- r
induced distribution and its phonon replicas begin to spec- 0 . : : 0

trally overlap. In the pump-and-probe signals this gives rise & ,[ ! At=1401s 3

to an even larger extension of the low-energy tail from the % L} 1 ,

initial Fermi edge, and a stronger overlap with the first pho- £

non replica, compared to 320-fs pulses. Such effects havt § T = )l !

indeed been seen in recent experiments using 120-fs pulses g © . = = 0

Furthermore, the bottleneck effect is less dramatic because ¢ st At=14001s | st At=1400fs ]
a spectrally broader excitation. At long times, the electron 5L i ] L

distribution always evolves into a state where the peaks ol L o L
the phonon replicas are smeared out. Only for high intensi-

ties does.lt app.rpach the zero-temperature Fermi distribution % 1';_2 1';_6 160 S

For low intensities, the final distribution more C|OSE|y re- photon energy (eV) photon energy (eV)

sembles a Fermi function at finite temperature, or, in other o _

words, the carriers thermalize within the bands, but not com- FIG- 5. Upper panels: electron distribution functianf.(t) at
pletely with the lattice. In the pump-and-probe spectra, thid=9: 7. 14.... , 70 fdtop), and 70, 140, 350, and 1400 fsot-

can be observed again as an incomplete bleaching of tH@T for pump - parametersfiw,—E,=56.4 meV and I,
exciton, this time without a distingjphonon-relatedFermi %2(_) MWw/cn?, and a FWHM of 20 fs in the second ',Bom approxi-
edge, in contrast to what is observed in Fig. 3. matt')on (@ and Hartree.":ocdk lthe;r@_)' Lower plirg)els'. dp;mp'a'éd'

If the pump pulse is chosen much shorter thag, it will probe spectra(w) at time delaysit= 0 (top), (middie), an .

. . - . 1400 fs (bottom for the same pump parameters. Dashed lines:
be'lm.possmle to spectrally resolve dlstlpct phonon replicas iy out pump pulse, solid lines: with pump pulse.

This is demonstrated for a 20-fs pulse in Figa)5 The re-

laxation process can be divided into two stages. The firsgxplanation. However, in the pump-and-probe signals calcu-
stage is dominated by an ultrafast redistribution toward theated for the same parameters, the immediate redistribution is
band minimum within less than 70 fs. This process is notot resolved, either in the second Born approximafieig.
related to emission of LO phonons, as becomes clear b$(a), lower pane] or in Hartree-Fock theorfFig. 5(b), lower
comparison with the Hartree-Fock results in Figh)5 It  panel. This is demonstrated by a comparison of the signals
must therefore be attributed to effects caused by CoulombtAt=0 andAt=140 fs. For those and all intermediate time
interaction. Even att= 140 fs, the distribution is still reason- delays a spectrally broad decrease in the test beam absorp-
ably well described by the semiconductor Bloch equationstion is observed, with its maximum decrease always directly
Only for longer times is the influence of the phonons notice-at the band gap. As a result, Hartree-Fock Coulomb interac-
able in Fig. %a) as a transfer of initially high-energy elec- tion and electron—LO-phonon scattering cannot account for
trons toward the band minimum. During the second stage othe experimental observation in Ref. 31. Therefore, an expla-
the relaxation process, the high-energy end of the electronation in terms of carrier-carrier scattering is also supported
distribution shifts down from about 160 me¥=(140 fs) to by our analysis. These effects are most likely to further am-
about 50 meV (=1400 fs) and 35 meVtE 3500 fs, not  plify the ultrafast carrier-spreading, up to an order that makes
shown), whereas in Hartree-Fock theory it remains at abouits experimental observation feasible. This analysis, how-
160 meV for all times. ever, is beyond the scope of the present paper.

Recently, a quasi-instantaneous spread of the carrier In contrast to the initial redistribution, the second stage of
population during their generation with a 30-fs pulse wasthe carrier cooling can easily be followed in the pump-and-
measured in DTS experiments in GaAs, and attributed t@robe signals of Fig. &). Including the coupling to the LO
quantum-kinetic ~carrier-carrier scatteritlg. From the phonons, we observe a downshift of the high-energy shoul-
Hartree-Fock results in Fig(B) one could think of an easier der of the pump-induced changes, combined with a continu-
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03 (a') T 3 b) ' oy same value as foF =0 K (44.3 meV. As in the discussion
0.2t t=-70fs | 2} At=-701s of Fig. 1(d), the deviations from the LO-phonon energy can
01l 1L be attributed to the interplay of band renormalization and
P o e band mixing effects in Eq12). Only for later times do the
t=0fs At=0fs spacings approachw,o. For example, at=1400 fs, the
021 2l ) peak positions are 83.8, 48.0, and 12.9 meV.
A ] U At early times (<350 f9, the downward scattering de-
é 0.0 = e c Ot velops very similarly to thef =0 K scenario, which can be
5 o2 t=70fs | £ [ At=701fs seen by comparison with Fig.(&@. The only difference is
S oal s [ ThmIEe ] that the_ peak amplitudes are strpngly reduced due to upwa_rd-
5 S scattering processes. For later times, the electron distribution
g 0 el E 0 YT at T=300 K becomes much more thermalized than at zero
g 02y - S 2 2r temperature. This can already be seet~at400 fs, while at
S 0.1 /\A/\ S 1} ez 1 t=3500 fs(not shown the peaks in the distribution function
§ 0.0 e N s 0 A are totally smoothed out. For all other pump conditions, we
° Ll t=350"fs | » |7 At =350 fs also never observed a bottleneck. Hence at room temperature
' e there is no bottleneck effect. It is removed since upward
0.1 /\/\/\ ] S scattering is always possible. In some cases, it even causes
0.0 ey 0 —— the distribution function at zero kinetic energy to bounce
o2l t= 1400 fg 5 At=14001s back to lower values, in order to realize final thermalization.
04 /\/\_\ .0 The growing out of a high-energy population due to pho-
non absorption processes is also observed for excitation at or
00 0 20 60 80 100120140 145 152 186 160 164 below the band gap, in agreement with previous restilts.
electron energy (meV) photon energy (eV) The question arises of whether or not this population can be

experimentally observed. For this reason, in Fig)6we

FIG. 6. Electron distribution functioa) and pump-and-probe calculate the pump-and-probe spectra for the same param-
spectrab), including the coupling to LO phonons at room tempera- eters as in Fig. @). Around At=70 fs a small signal above
ture for different time delayat=—70, 0, 70, 140, 350, and 1400 fs  the injtial Fermi edge is visible. Due to its small amplitude
(from top to bottom. Pump-pulse parametersfiw,—Ey  and the overlap with the high-energy side of the initial Fermi
=56.4 meV and ,~2 MW/cn, and the FWHM is 320 fs. Dashed oqge it will appear as a smalip in DTS measurements.
lines: without pump pulse; solid lines: with pump pulse. Only for larger time delays will its Fermi-edge character be-

come clear, as demonstrated in the inseh &t 350 fs.

ous bleaching of the excitonic resonance, in accordance with The pump-and-probe spectra at large time delays show an
the time evolution of the distribution function. incomplete bleaching of the exciton, while the phonon-
related signals gradually disappear. The bleaching of the ex-
citon, relative to the linear absorption, is always less pro-
nounced than foiT =0 K. This reflects the fact that fewer

So far, all calculations were performed assuming zeraarriers can accumulate near the bottom of the conduction
temperature for the LO-phonon bath. Now we discuss thdéand due to upscattering. The disappearance of the phonon-
effects of finite temperatures. While far=0 K only spon-  related signatures is the result of thermalization.
taneous downward scattering was possible, at finite tempera- Finally, we mention that all spectra at=300K exhibit
tures upward scattering and induced downward scatteringn exponential Urbach tail at the low-energy side of the ex-
can also occur. From Ed12) it follows that the scattering citonic resonance. Similarly, this was shown for linear ab-
rates of those processes scale linearly with the phonon nunsorption in Ref. 17.
berN. For low temperaturesl{< 100 K), N is much smaller
than 1, e.g.N=0.0044 afT =77 K. Therefore, the relaxation IV. SUMMARY
is dominated by spontaneous downward scattering. As a con-
sequence, virtually no changes compared to the zero- we have presented a quantum-kinetic description of
temperature case are observed, either in the distribution fungump-and-probe experiments in bulk GaAs based on the sec-
tions, the linear absorption, or the pump-and-probe signalssnd Born approximation for electron—LO-phonon interac-
In contrast, at room temperatur@ {300 K, N=0.33) we  tion, where Coulomb effects are included consistently both
observe strong deviations from tfie=0 K picture. in coherent and scattering terms. Moreover, we calculated

In Fig. 6(a), the electron distribution al=300 K is de-  the signatures of hot-carrier cooling in pump-and-probe
picted for pump parametersw,—Ey=56.4 meV andl,  spectra including the excitonic region. This allowed us to
~2 MW/cn?, and a pulse length of 320 fs. From+0 on,  monitor both the initial stages of relaxation due to LO
the buildup of a phonon replicabovethe pump-induced phonons and the subsequent carrier accumulation near the
signal can be seen. Interestingly, the energy difference bésand extrema.
tween these two peaks is much smaller thas o, namely, For excitation high above the gap, good qualitative agree-
26.3 meV att=0. On the other hand, the spacing betweenment with recent DTS measuremetftis achieved, both in
the pump-induced peak and the downscattering peak is largetie spectral region above the gap and around the exciton line.
thanfw o, namely, 45.5 meV at=0, which is almost the  An initial hole burning with Fermi-edge character, a subse-

E. Influence of temperature
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qguent buildup of phonon replicas, and a gradual excitorthreshold for LO-phonon emission. In this situation, only in
bleaching are observed in the experiment, and are well rethe long-time limit does electron-phonon scattering become
produced by theory. At large time delays, the accumulatiordominant.
of electrons in the band minima results in strong exciton Finally, we have discussed the influence of pump param-
bleaching, in agreement with the experimgnt. eters and the temperature. At low temperature, a phonon-
We have shown that LO-phonon effects related to theyottleneck effect is predicted for pumping at low intensities
exact treatment versus the Slmpllfled treatment of the Scatte&bove the band gap, whereas for h|gher intensities electron—
ing term are generally small, but not negligible for experi-| 0-phonon scattering alone can suffice for complete ther-
ments with short time delays. We find that only the exactmalization with the lattice. In pump-and-probe spectra, the
second Born approximation is able to reproduce the experipottleneck results in a distinct phonon-related Fermi edge
mental observation of phonon-related signals fAt  combined with an incomplete exciton bleaching, which
<100fs. In contrast, the simplified model is found to pro-should persist up to very large time delays. At finite tempera-
duce a much slower buildup of phonon satellites in thetyres, upward scattering is predicted to become visible in

pump-and-probe signals. pump-and-probe experiments.
We have also investigated the validity of the semiconduc-

tor Bloch equations. We have proved that for excitation at or
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